Supercritical water fluidized bed is a promising reactor which can realize the efficient and clean gasification of coal to produce hydrogen. As the high pressure and temperature inside supercritical water fluidized bed, the study of the detail flow behaviors needs the help of numerical method. Considering the limitation of the two-fluid method and discrete element method, the computational particle fluid dynamics method was applied to this work. When particle size distribution was taken into consideration, the simulated results showed that the transformation from fixed bed regime to fluidized bed regime is a gradual process. With the increase in superficial fluid velocity, particles in small diameter migrate to the top of the bed and there exits layering phenomenon in the bed. Besides, though the particles are categorized as Geldart B group, the minimum fluidization velocity is not equal to the minimum bubbling fluidization velocity and there is a complicated bed expansion process after incipient fluidization. The bed expansion process is also influenced by the particle size distribution.
Introduction
With the environmental pollution and energy shortage problems becoming increasingly serious, hydrogen, an ideal energy carrier, has gained more and more attention. Supercritical water (SCW) gasification technology has been proved that it is a promising approach for conversing coal and wet-biomass into hydrogen efficiently and cleanly. 1, 2 Supercritical water fluidized bed (SCWFB) is a new-type reactor which can avoid plugging and slagging problems often taking place in tubular reactor and improve the gasification efficiency. The concept of SCWFB was first proposed by Matsumura and Minowa. 3 Lu et al. 4 successfully developed the first SCWFB reactor for the gasification of biomass. Jin et al. 5 further improved the reactor for the efficient gasification of high concentration coal slurry with long continuous time. But there are still not enough theories for the design of SCWFB. So far, little work has been done for the study of fluidizing bed operating at high temperature and pressure. Liu et al. 6 studied the supercritical CO 2 fluidized beds, in which the granular materials belonging to Geldart groups A, B, and C and proposed a criterion to determine the fluidized regime. Vogt et al. 7 carried out a comprehensive experimental investigation to study the fluidization behavior with supercritical CO 2 at pressure up to 30 MPa for Geldart A and B powders. Potic et al. 8 introduced a SCW micro-fluidized bed to study the correlations for homogeneous bed expansion and minimum bubbling velocity for process conditions up to 773 K and 244 bar. Lu et al. 9 did a series of experiments to study the hydrodynamics of SCWFB within the range of 633-693 K and 23-27 MPa, evidencing that Ergun's equation is applicable for SCWFB and deriving the empirical equation for the minimum fluidization velocity. But the details of particle distribution and fluid hydrodynamics characteristics remain unclear. As a result, there are some key problems which cannot be solved for the lack of indepth study. 9 Thanks to the development of computer technology, numerical simulation can be an effective way to study the complex solid-fluid flow behaviors inside SCWFB, which is necessary for the design, scaling up, and operating condition optimization of the reactor.
Recently, there are two major numerical methods applied to particle fluid flow simulation: the EulerEuler method and the Euler-Lagrange method. In Euler-Euler two-fluid model (TFM), both particle phase and fluid phase are treated as interpenetrating continuous medium, and the conversation equations are derived and correlated via constitutive relationships that obtained from empirical formula and kinetic theory. 10 TFM has the advantages of high calculation speed and wide applicable rang. However, there are many controversies for the assumption of treating the particle phase as continuous medium. 11 In EulerLagrange method, one is discrete element method (DEM), 12 in which the particle phase is treated as discrete phase and individual particle motion is obtained by solving Newton's second law. Forces caused by collision of particles are taken into account, making the model more precise for the simulation of granular flow. DEM has a high accuracy, and it is easy to generate detailed particle-scale information, which is important to elucidate the mechanism of complicated particle fluid flow behavior. Unfortunately, DEM is limited in applicability for the complex dense particle-particle interaction calculations when a large number of particles involved. It is usually restricted to the twodimensional (2D) simulations. 13 To compensate the limitation of TFM and DEM, the computational particle fluid dynamics (CPFD) method has been developed in recent years. CPFD method models fluid phase as continuum with strong coupling with the discrete particles. The particle phase is modeled as discrete phase following the multiphaseparticle-in-cell (MP-PIC) numerical method from Andrews and O'Rourke 14 and Snider et al., 15 which is a Lagrangian description of particle motion via ordinary differential equations with coupling with the fluid. Compared to DEM, CPFD method eliminates the difficulties associated with calculating inter-particle interactions for dense particle flows with high volume fractions by the normal stress model, which is robust and can eliminate the need for an implicit calculation of the particle normal stress on the grid. A concept of computational particle is also defined where particles with the same properties (species, size, density, etc.) are grouped. The computational particle is a numerical approximation which reduces the simulation costs for an industrial-scale simulation containing huge number of particles. In recent years, CPFD method has been successfully applied to studying fundamental granular flow characteristics, 16, 17 and these works validated the accuracy and reliability of CPFD method in turn.
In this article, CPFD method was used to investigate the fluidization characteristics in SCWFB with consideration of particle size distribution in three dimensions. The simulation results were compared to concerned experimental and numerical results published in the literature.
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Numerical method
In CPFD method, the equations of fluid phase are derived from the kinetic theory for dilute gases or continuum points of view. The volume averaged fluid mass and momentum equations 20 are
where e f is the fluid volume fraction, r f is the fluid density, u f is the fluid velocity, p is the fluid pressure, g is the gravitational acceleration, and t f is the fluid stress tensor. F is the rate of momentum exchange per volume between the fluid and particles phases which is given below. The particle phase is modeled by the Lagrangian method following Newton's second law. The particle acceleration is
where u p is the particle velocity, D p is the drag coefficient at the particle location, r p is the particle density, and t p is the particle normal stress. e p is the particle volume fraction, and from conservation of volume, the sum of fluid and particle volume fractions equals unity, e p + e f = 1. The terms in the right side represent acceleration due to aerodynamic drag, pressure gradient, gravity, and gradient in the inter-particle normal stress, respectively. Particle properties are mapped from the Eulerian grid to particle locations. Particle properties are also then mapped from particles to the grid to get grid-based properties, such as the particle volume fraction at cell j
where V j is the volume of cell j, V p is particle volume, n p is the number of particles in a computational particle, S pj is the interpolation operator, and the summation is overall computational particle N p . The implicit numerical integration of the particle velocity equation is given by
where u n + 1 p is the interpolated fluid velocity at the particle location, rp n + 1 p is the interpolated pressure gradient at the particle location, and rt n + 1 p is the interpolated particle stress gradient at the particle location. The particle movement is given by
The new particle location at the next time step is then
The fluid momentum equation implicitly couples fluids and particles through the inter-phase momentum transfer. The inter-phase momentum transfer at momentum cell j is
The inter-phase drag function D p is calculated using a drag model. Numerous literature about the empirical drag models for calculating D p have been published. In Lu et al.'s 9 previous investigation, it was evidenced that the Ergun model is found applicable in SCWFB through a fixed bed. With the consideration of particle sphericity, the Ergun equation is not appropriate for the void fraction larger than 0.8; 21 when the void fraction was less than 0.8, Ergun equation was used. When the void fraction was larger than 0.8, a modified equation of the fluid resistance for a single particle can be selected. Based on many individual experimental results, Chhabra et al. 22 found that Ganser's equation is the most accurate model for predicating the drag coefficients of single non-sphere particles. So, the drag model used in this article was addressed as follows
where c is the particle sphericity. Re is the Reynolds number
Particle-to-particle collisions are modeled by the particle normal stress. The particle stress is derived from the particle volume fraction, which is in turn calculated from particle volume mapped to the grid. The particle normal stress model used here is adapted from Harris and Crighton
where P s is a positive constant and always set to default 1 Pa, and e cp is the particle volume fraction at the close packing. The constant g is recommended to be 2-5.
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The constant u is a very small number with the order of 10 27 to remove the singularity.
The fluid conservation equations in CPFD method are approximated by finite volumes with staggered scalar and momentum nodes. The large eddy simulation (LES) model was used, where large eddies are directly calculated and the sub-grid-scale turbulence is modeled. The fluid density, velocity, and pressure are coupled by a semi-implicit pressure equation derived from the gas mass conservation equation. 25 The momentum and pressure equations are solved using a conjugate gradient solver.
Physical model
The CPFD method has been implanted in the business software, Barracuda. With the Barracuda software, the simulation was performed on an SCWFB reactor as illustrated in Lu et al.'s 9 work. Properties of particle are listed in Table. 1. The number of computational particle was initialed per cell by the automatically calculated option. This option has five resolution levels from low to high, and the higher resolution level provides more computational particles to accurately model the system but results in longer calculation times. As the selection of resolution levels has little criterion now, we selected the forth high level to guarantee the accuracy. The normal and tangent momentum retentions of particle-towall interaction were set as the recommended values of the software. The particle size distribution can be seen in Figure 1 .
Properties of water were calculated by IAPWS-IF97 equation from temperature and pressure, which are shown in Table 2 . As there was no heat transfer in this study, only the density and dynamic viscosity were given. The schematic diagram of the cylindrical SCWFB reactor is shown in Figure 2 . The geometrical parameters were 300 mm in height and 35 mm in diameter. The computational domain was discretized by uniform cubical grid in 1.75 mm. The bottom boundary is defined as an inlet boundary with prescribed fluid velocity, and the top boundary is defined as an outlet boundary with fixed pressure. The initial condition is that the particles were packed randomly at bottom with height of 70 mm and the fluid phase was full of the reactor. As the mesh refinement have a great influence on the reliability of the simulated results, the 2.5 mm size grid was also taken into account for grid independency validation. In general, the description of the correlation between the bed pressure drop and the superficial fluid velocity was a fundamental parameter for the study of the hydrodynamics in fluidized bed. 26 So, the simulated results of bed pressure drop in different superficial fluid velocities-5, 10, 20, and 50 mm/s-were made a comparison. The maximum deviation between the simulated results with different grid is 0.56%.
To generate the relationship between the bed pressure drop and superficial fluid velocity, in real experiment, the fluid velocity increase was controlled step by step. After each increment in velocity, there was a duration for the system to reach equilibrium. In this simulation work, this approach can be also applied. To save the computing time and ensure the resolution of the simulated relationship curve, we adopted a strategy proposed by Rhodes et al. 27 for a simulation by DEM. First, we calculated the minimum fluidization velocity from the empirical correlation in Lu et al.'s 9 work and set a relative small fluid velocity increment based on the calculated result. Then, to determine a proper duration in each velocity increment without compromising the accuracy, ''numerical experiments'' in which the constant velocity maintained for different time were carried out. In this work, the increment of fluid velocity was set to 0.5 mm/s, and the ''numerical experiments'' were carried out with the duration set to 1.5 and 2 s. The ''experiment results'' show that the minimum fluidization velocities for two durations are same and the largest deviation between two simulation results of bed pressure drop is 1.7%. As a result, 2.0 s was chosen as the duration in each velocity increment.
Simulated results and discussion
Minimum fluidization velocity
Minimum fluidization velocity is a basic characteristic parameter for the design and operation of fluidized bed. Generally, the bed pressure drop increases with superficial fluid velocity increment until bed materials reaching fluidized state. The minimum fluidization velocity can be determined from the simulated relationship curves of the bed pressure drop versus superficial fluid velocity. In Figure 3 , the relationship curves at different conditions are presented. As the measured pressure difference between the pressure ports includes two parts: the frictional pressure drop and SCW's gravity pressure drop. 9 The pressure drop in Figure 3 equals the measured differential pressure minus the fluid gravitational pressure drop. Besides, a concept of effective weight should be also introduced. Effective weight=(weight of bed materials 2 buoyancy of bed materials)/cross-sectional area of fluidized bed. The comparison between effective weight and pressure drop is shown in Table 3 .
The minimum fluidization velocities correspond to the turn points in the pressure drop curves in Figure 3 . To make a comparison with the published empirical correlation which depended on a uniform sized particle, the particle size in this part was set as the averaged diameter. The operating pressure was set as 25 MPa. With the increment of temperature, the total pressure drop and the minimum fluidization velocity get larger, and the ratio of bed pressure drop to superficial velocity increment get lower. In particular, the changes are more drastic from 653 to 663 K, which is resulted from the great change of water properties near the critical point as shown in Table 2 . Compared to the experiment data of Lu et al., 9 the simulated results in Figure 3 are in good agreement. In Figure 4 , a comparison of the minimum fluidization velocities between the simulated results and the calculated results with Lu's empirical correlation is made. The simulated results fit well with the empirical correlation. All the above conforms the accuracy of the CPFD method. From Lu's empirical correlation, it is obvious that the minimum fluidization velocity increases with the particle size. In practice, the bed materials have particle size distribution, so the transformation from fixed bed regime to fluidized bed regime is a gradual process.
Fluidization transformation with superficial fluid velocity
To study the fluidization transformation with superficial fluid velocity, the relation curve between bed pressure drop and superficial fluid velocity is an important research object. In Figure 5 , it was presented that the bed pressure drop with a large ranch of superficial velocity under 25 MPa and 673 K. As this work was account for the particle size distribution in three dimensions, the simulated results of fluidization are more complicated and resemble the actual phenomenon. From Figure 5 , it can be seen that the bed pressure drop curve can be divided into five stages. Besides, in Figures 6 and 7 , the particle volume and size distributions in the five stages were given for further understanding: Stage I (t = 0-30 s and U = 0-7 mm/s) corresponds to the fixed bed regime in which there is no particle reaching fluidization. In this stage, the bed pressure drop increases linearly with the superficial fluid velocity and without fluctuation. Stage II (t = 30-52 s and U = 7-12.5 mm/s) corresponds to the gradual fluidized process mentioned in the last sub-chapter. In this stage, the pressure drop curve also increases with the superficial fluid velocity, but the rate of curve decreases with that. As can be seen from Figures 6 and 7 , when the superficial fluid velocity reaches 7 mm/s, the small particles become fluidized and rise to the upper bed. On the contrary, the big particles settle down to the bottom. With the increment of the superficial fluid velocity, all the particles become fluidized gradually and the bed has a little expansion. When the superficial fluid velocity in 12.5 mm/s, the bed pressure drop is close to the total value, and it needs a much larger superficial fluid velocity to reach that. In Figure 8 , the maximum particles volume fraction is less than the initial value, and the particles have been almost finished layering by the size, leaving only some big particles at the bottom. So, regarding it as the minimum fluidization velocity (u mf ) has a practical significance.
Stage III (t = 52-106 s and U = 12.5-26 mm/s) corresponds to a fluidization regime that the bed at different height expands at different rates. In this stage, particles at different heights are in different sizes and have different dynamic characteristics influenced by the superficial fluid velocity. So, mixing of particles with different size occurs and the bed fluctuates. From Figure 5 , it can be seen that the pressure drop curve has a little fluctuation in stage II and III comparing to stage IV. This phenomenon in both stages is as result of particle motion. In Figures 6 and 7 , there are some zones with less particle volume fraction than the surrounding ones. What's more, the boundaries of particles with different sizes are crooked, comparing to those in stage II parallel to the bottom of reactor. In stage II, the particle volume fraction is high, so the voidage for particles' motion is very little. Besides, the superficial fluid velocity are also very small. As a result, the expansion process is placid compared to that in stage III. Stage IV (t = 106-154 s and U = 26-39 mm/s) corresponds to homogeneous expanded fluidization regime. The expansion process in this stage resembles to that in the previous stage. But as the fluid velocity has been much larger than u mf , and the bed has expanded quite well, the particle volume fraction in the bed is close to uniform, which can be seen in Figure 6 . It can be also gotten from Figure 5 that the pressure drop curve is much more stable in stage IV.
Stage V (t = 154-240 s and U = 39-60 mm/s) corresponds to bubbling fluidization regime. In this stage, the flow behavior is dominant by the bubble formation, coalescence, and eruption, and in Figure 6 , some little bubble can be found. Besides, from Figure 7 , particles with different size return to the complete mixing state. The bed pressure drop fluctuates more violently with the increase in the superficial fluid velocity.
In general, the fluidization behavior mentioned above can be concluded into three types: fixed bed regime, expanded fluidization regime, and bubbling fluidization regime. Obviously, particles in this work are categorized as Geldart B group. But from the simulated results, the minimum bubbling fluidization velocity (u mb ) is larger than the minimum fluidization velocity (u mf ), and there is a no-bubbling fluidization stage when the superficial velocity is between u mb and u mf . This phenomenon has been reported in many published literature. 6, 19, 27 Bed expansion characteristics
The bed expansion characteristic is also an important parameter for the study of fluidized bed. As shown in Figure 9 , the overall voidage of SCWFB was plotted over superficial fluid velocity in a double logarithmic coordinate. From the figure, it can be seen that the bed expansion process can be also divided into five stages, which is in good agreement with the bed pressure drop curve. The minimum fluidization velocity and minimum bubbling velocity can be also determined at the turn points of the bed expansion curve. In stage I, the fixed bed regime, there is no expansion. In stage II, affected by the particle size distribution, the bed expands slightly and the expansion rate increases with the fluid velocity. When the fluid velocity is larger than the minimum velocity defined before, in stage III and IV, the overall bed voidage increases linearly with the fluid velocity in double logarithmic coordinate and the slope in the both stages has a little difference. When the fluid velocity is larger than the minimum bubbling velocity, the liner increase in the overall bed voidage versus fluid velocity disappears.
In general, Richardson and Zaki 28 relation is usually used to describe the bed expansion in homogeneous fluidization regime
where u t is the particle terminal velocity. But when the particle size distribution was taken into account, it can be seen that the bed expands heterogeneously and there exists a little turn in the expansion process. So, it needs more experimental and simulated results to describe this phenomenon.
Conclusion
SCWFB is a promising reactor for the efficient and clean conversion of coal to hydrogen. This work is aimed to make a comprehensive study of the granular flow behaviors and flow regime transformation, replenish the lack of the detail investigation inside SCWFB, and provide design and optimization basis. Main conclusions are obtained as follows:
1. Near the critical point of water, the minimum fluidization velocity has a larger change rate than in the other conditions. 2. When the particle size distribution is taken into consideration, the fluid regime transformation with the superficial fluid velocity is a gradual process. During the fluidization process, there is a particle migration and layering phenomenon, which can result in the large particle gathering in the bottom and the small one gathering in the top. So, in the practical industrial operation, the diameter range distribution of particles should not be large. And, the bottom of the bed should intensify the reacting condition. 3. In SCWFB, though the particles are categorized as Geldart B group, there exists a bed expansion process after incipient fluidization, rather than the bed come into bubbling fluidization immediately. In the operation of SCWFB, the superficial fluid velocity should large enough, larger than the minimum fluidization velocity, to make sure the bed in the bubbling fluidization regime with good fluidization status.
4. The bed expansion process is also influenced by the particle size distribution. When the superficial fluid velocity is between the minimum fluidization velocity and minimum bubbling fluidization velocity, it has a deflection that the linear increase in overall bed voidage with superficial fluid velocity in double logarithmic coordinate.
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